Majority of movements in everyday situations are complex and involve volition, planning of the movement and selection of the motor programme, all occurring before movement execution. Higher order motor disorders may be defined as abnormal motor behaviours resulting from disruption of any of the cortical processes that precede execution of the motor act. They are common in patients with neurodegenerative disorders, psychiatric diseases and structural brain lesions. These abnormal behaviours may be overlooked in the clinic, unless specifically evoked by the examiner. We discuss clinical and pathophysiological aspects of higher order motor disorders including: (1) disorders of disinhibition, such as grasp reflex and grasping behaviour, utilisation and imitation behaviour, motor preservations and paratonia; (2) disorders of motor intention such as motor neglect and motor impersistence; (3) alien limb syndrome; and (4) motor overflow phenomena, such as mirror movements and synkinesias. A video illustration of each phenomenon is provided. We place the findings from recent neurophysiological studies within the framework of theories of motor control to provide better insight into pathophysiology of different disorders.
Introduction
Almost all movements performed in everyday situations are complex and involve volition, planning of the movement and selection of the motor programmes for movement execution, while attentional and motivational factors interact to determine the goal of action. Higher order motor disorders may be understood as any abnormal motor behaviour that results from disruption of the cortical processes that precede execution of the motor action. Their pathophysiology has been poorly understood, but recent insights from neuroimaging studies and studies using transcranial magnetic stimulation (TMS), have helped our understanding of various aspects of cognitive motor control.
Although different higher order motor disorders have been clinically extensively studied by famous neurologist such as Lhermitte, Luria and Denny-Brown [1] [2] [3] [4] , their examination is usually not a part of standard neurological workup. Therefore, these abnormal behaviours may escape clinical detection.
In the present article, we discuss functional anatomy and clinical characteristics of higher order motor disorders and provide patients' videos to illustrate the phenomenology. We place the findings from recent neurophysiological studies within the framework of motor control theories to provide pathophysiological insight into different disorders. Included are (1) disorders of disinhibition; (2) disorders of motor intention such as motor neglect and motor impersistence; (3) alien limb syndromes and (4) mirror movements. Apraxias, psychogenic motor disorders and disorders of motivated behaviour (abulia and apathy) will not be considered, even though they may be viewed as a part of the spectrum of higher order motor disorders.
Disinhibited behaviours
Movement control, depending on whether the action is internally or externally guided, is mediated by two main motor circuits that converge on primary motor cortex (M1) [5] . These are preSMA-M1 and parieto-premotor-M1 circuits. PreSMA-M1 circuit will dominate when the task is internally driven, as in self-paced finger movements or when gesturing without visual guidance or cues. PreSMA is a part of supplementary motor area in the medial premotor cortex. It receives main inputs from prefrontal cortex and basal ganglia [6] and is considered a key structure for voluntary motor control [7] . With its connections with cognitive prefrontal brain and executive part of the motor circuit, preSMA is in strategic position to transform thoughts into action. Neuroimaging studies confirm stronger activation of preSMA with self-initiated movements compared to externally driven movements [8] . Electrical stimulation of preSMA with subthreshold intensities induces a feeling of an urge to move [9] . On the other hand, parieto-premotor-M1 circuit is involved when the motor actions depend on external cues [10] , i.e. when actions are driven by sensory stimuli. Within this network, information from primary sensory cortices is transferred to posterior parietal cortex, and then to the lateral part of premotor cortex, which in turn connects to M1. Extensive animal literature, as well as evidence in humans suggests that posterior parietal cortex has a role in creating multiple space representation to seize or handle objects under visual control [11] [12] [13] , with parietal-premotor-M1 circuit being involved in object-oriented actions such as grasping [7] . PreSMA-M1 and parieto-premotor-M1 circuits are normally balanced, so that we perform most movements without thinking on what we have to do, but without unintentionally touching or grasping objects from surroundings.
Precise functional anatomy of interactions between the two motor circuits remains unknown. Clinical evidence suggest that stimulus-driven actions transmitted by parietal-premotor circuit are inhibited by preSMA, because lesions of the preSMA result in automatic execution of actions in response to environmental triggers [14] . Lhermitte [1] hypothesised that with frontal lesions, inhibitory control of frontal over the parietal lobes is diminished, resulting in a release of the functions of the parietal lobes. Disbalance between preSMA-M1 and parieto-premotor-M1 networks in favour of later results in disinhibited behaviour, with affected person being dependent on visual and tactile stimulation from the outside world, so-called environmental dependency syndrome [1, 2] .
Frontal lobe signs may be easily overlooked in the clinic, unless they are specifically evoked by examiner.
One of the reasons is that these patients might be most impaired in the situations of minimal external control. The outpatient clinic or hospital setting may impose sufficient external structure to suppress these behavioural tendencies [15] .
Grasping is automatic tendency to grip objects. It is a stereotyped response consisting of forced hand closure on the object, provoked by distal ascending pressure on the palm (Video 1). It was first described by Denny-Brown and Chambers [3] . Interestingly, grasp reflex usually affects both hands even with unilateral lesions, with no hemispheric preferences. Grasping is not necessarily a forced phenomenon, as it may be temporally modified by will, when patient is instructed not to grasp, but will reappear as soon as attention is diverted. It may wax and wane from day to day, or even in the course of the same day. Grasping reflects the pathology of the frontal lobes, particularly medial frontal areas and cingulated gyrus or lesions of the basal ganglia [16] . Prehension (grasping) behaviour is more elaborated phenomenon. Here, patient's hand follows an object presented as tactile or visual stimuli to seize it (Video 2). Further, patients may engage in meaningless, repetitive and stereotypic actions, such as rubbing or manipulating clothes (e.g. buttons, collar) or bedclothes. Again, it is bilateral clinical phenomenon, even when the lesion is unilateral.
Utilisation behaviour is an automatic tendency to manipulate surrounding objects [2] . Patients use the objects in appropriate way, but in an inappropriate situation (Video 3). When challenged, patient will provide superficial explanation for such behaviour, such as "you told me to do it" or "i thought i had to do it". Lhermitte's seminal description of utilisation behaviour includes a 52-year-old female patient with left frontal lobotomy. While in Professor Lhermitte's office, patient used blood pressure gauge to measure his blood pressure, the tongue depressor to examine his throat and the reflex hammer to test his ankle jerks. On another occasion, the same patient obtained needle and syringe and gave professor Lhermitte gluteal injection [1] .
Imitation behaviour may be regarded as dependence on social environment in the same sense as utilisation behaviour reflects dependence on physical environment [1] . Patient imitates the gestures and behaviour of the others, i.e. scratching the head or tapping the leg with hand in various rhythms. Criticism may be preserved, as patient may not imitate certain behaviours that are considered inappropriate. For these reason, there may be a distinction between imitation behaviour and echopraxia and echolalia, which are uncritical imitation of behaviour or speech, respectively. Imitation behaviour is seen in frontal lobe and basal ganglia lesions, Gilles de la Tourette syndrome, autistic spectrum disorders and in schizophrenia, suggesting it is an unspecific sign of impaired brain function [17] .
Imitation is main form of learning during development, which allows children to acquire many skills without the time-consuming process of trial-and-error learning. It is the persistence or re-emergence of imitation after a certain age that implies neurological or psychiatric disease. For example, persistence of echophenomena beyond the age of three may prompt the diagnostic consideration of autism spectrum disorders [17] .
Current understanding of involuntary imitation phenomena must involve mirror neurons [18] . These are groups of nerve cells located in the posterior part of inferior frontal cortex and the anterior part of the inferior parietal lobule, interconnected into mirror neuronal system (MNS). MNS receives visual input [19] and gets activated when monkey (and human) observes actions of others [20] . Observed acts are coded in the mirror areas, without normally triggering imitation, because MNS is suppressed by other areas of the frontal lobe. Imitation behaviour will arise as a consequence of lesion or dysfunction of areas that normally inhibit MNS. Indeed, the MNS in healthy adults may be under constant top-down inhibition by the anterior frontomedian cortex, the temporoparietal junction and frontoopercular cortex [21, 22] .
Motor perseverations are inappropriate repetitions of the prior stimulus. Two types may be differentiated [4, 23, 24] . Recurrent perseverations ( Fig. 1 ) are inability to switch from one action to another, e.g. patient is asked to draw a circle and he performs correctly, but when further asked to draw triangle, he continues to draw circles. Continuous perseverations are further repetition of an act although it should have been completed. An example is applause sign, typically seen in progressive supranuclear palsy and other neurodegenerative diseases with frontal lobe involvement [25, 26] . Subject is asked to clap three times after demonstration by the examiner. The sign is positive if subject claps more than three times (Video 4). Recurrent preservations are attributed to mesial frontal lobe lesions, while continuous preservations have been linked to dorsolateral prefrontal pathology [4] .
Paratonia is involuntary resistance to passive movement due to apparent subject's inability to relax. The impression is that patient is actively resisting a passive movement. It can be demonstrated as the patient's limb remains elevated after being released by examiner, even after repeated instructions to relax (Video 5). The resistance of paratonia is variable and depends on the speed of passive movement and is proportional amount of force applied [27] . Slow movement provokes low resistance, while fast movements provoke high resistance. The resistance is the same in any direction and there is no clasp-knife phenomenon. Paratonia was first mentioned in 1910 by the French physicians Dupré, who noticed its connection with mental illness [28] . Kleist later described a phenomenon of very high muscle tone, which reacted against speeding up the movement during physical examination, in patients with dementia and he called it "gegenhalten" ("hold against") [29] . Occurrence and severity of paratonia increase with disease progression, from 10% in early to 90% in late stages of dementia, causing contractures and bedridden state in the terminal phase [30] . The nature of paratonia may change with dementia progression. Initially, patient may actively assist the passive movement by moving the limb in the same direction as the examiner, so called active assistance ("Mitgehen") or facilitatory paratonia (Video 6) [31, 32] . Prevalence of paratonia in healthy elderly is approximately 1% [33] , thus paratonia is almost always sign of brain disease. Paratonia is not exclusively related to Alzheimer's disease, but occurs in other forms of dementia [34] . It should be kept in mind that paratonia is the involuntary increase of muscle tone and repeatedly instructing the patient to relax will not be helpful and may even worsen the paratonia. Pathophysiology of paratonia is unclear; anatomically it has been linked to frontal lobe dysfunction.
Disorders of intention: motor neglect and motor impersistence
Healthy people can make almost any kind of movement at any time because cognitive programmes continuously provide the motor system with instructions how and when to move. According to Heilman [35] , there are two major types of cognitive motor programmes, the praxis programmes and the intentional programmes. The praxis programmes are "how" programmes, providing spatial, temporal and force instructions for action. Intentional programmes are "when" programmes providing instructions, such as whether and when to move, when to stop moving and when to persist at an action. In right-handed people, disorders of the praxis, i.e. apraxias are almost always associated with left hemisphere Fig. 1 Recurrent motor perseverations. Patient with progressive supranuclear palsy was asked to write the name of his country: Slovenia. He gets stuck and repeats writing letter S, until prompted to write letter L. He then preserved writing letter L dysfunction [36] , while intentional disorders have right hemispheric preference [37] . Intentional disorders include motor neglect and motor impersistence and its variants.
Motor neglect is defined as under-utilisation of a limb contralateral to brain lesion that cannot be fully explained by primary sensory and motor deficits (Video 7). Patients with motor neglect are unaware of their deficit [38] , but when reinforced by the examiner will improve strength and movement of the neglected limb. Motor neglect is twice more likely to affect patients suffering from right compared to left hemispheric stroke [39] and may have a significant impact on patient's performance and recovery. Spontaneous improvement of neglect occurs in proportion of patients, mostly in first 12-14 weeks post-stroke [38] [39] [40] [41] . There is relatively little information on how patients with motor neglect manage their everyday life, but increased determination of the patient, including the use of verbal strategies may result in tasks eventually being performed [42] .
A milder form of motor neglect is motor extinction. Here, patient is able to better use contralesional limb in isolation, but the use of the same limb is impaired in bimanual tasks (i.e. bottle opening). This may be seen on bedside examination as deterioration in the performance of the affected limb (hypometria and bradykinesis) during bimanual movements (Video 8).
The key characteristic of motor neglect is that motor deficit may be at least partially overcome by visual, sensory or auditory stimulation by the examiner or when the patient directs his attention and volition toward the affected limb [41, 42] . These observations suggest that in motor neglect, habitual movements (movements performed in automatic fashion) might be more affected than goal-directed movements. However, the opposite pattern of dissociation may be observed in patients with right SMA lesion [43] , as exemplified by one of our patients who was not able to move her left leg on command, while she could walk almost normally (Video 9).
Positron emission tomography (PET) and transcranial magnetic stimulation (TMS) studies suggest that primary motor cortex in motor neglect is intact, while the problem lays in the damage to the motor association areas and their connections with primary motor cortex. PET study in patients with motor neglect demonstrated normal metabolism in primary areas of motor output system (the primary sensorimotor cortex, basal ganglia, and cerebellum), while there was a hypometabolism in premotor, prefrontal, parietal, cingulate cortex [44] . Classen et al. suggested that motor neglect may be caused by enhanced cortical inhibition in the presence of intact corticospinal tract, presumably due to affection of afferent connections to primary motor cortex [45] . In TMS study, patients with motor neglect had normal motor-evoked potential amplitudes and latencies, reflecting relatively intact corticospinal excitability, but at the same time cortical silent period was increased, reflecting increased GABA intracortical inhibition [45] .
Motor impersistence is an inability to sustain motor act (movement or posture), unless repeatedly prompted by examiner. The symptom was first described by Fisher [46] in patients with right hemispheric stroke. Typical examples of motor impersistence include inability to keep eyes closed, tongue protruded, arm extended, inability to maintain conjugate gaze steadily in a fixed direction (Video 10) or inability to keep sustained arm grip, so-called "milkmaid's grip". Motor impersistence is wildly appreciated among neurologists as a sign of Huntington's disease [47] , but it has been also described in PSP [48] and in 10% of patients with AD, always in moderate or severe dementia [49] . Motor impersistence is observed in bihemispheric or diffuse brain diseases; however, right frontal lesions seem to be particularly responsible [50] . In acute stroke, motor impersistence is more common in right comparing to left hemispheric lesions (23 vs. 9%), further supporting right hemispheric dominance for motor persistence [51] . Callosal lesions that disconnect the left hemisphere from the right hemisphere inputs have also been associated with impersistence of the right limbs [52, 53] . In stroke patients, similar to motor neglect, impersistence may be transitory, present only in the acute phase. It is not know if motor impersistence affects patient's day-to-day functioning. For example, gaze impersistence may interfere with ophthalmological workup, due to patient's inability to fixate the gaze. Motor impersistence should not be mistaken for uncooperativeness during rehabilitation [54] . Simultanapraxia is a subtype of motor impersistence, characterized by inability to perform simultaneous simple actions, such as closing the eyes and protruding the tongue at the same time.
Alien limb phenomena
Alien limb refers to involuntary limb activity, in which patient reports loss of control over the affected limb or believes that the limb has been estranged. Doody and Jankovic [55] define alien limb as an involuntary motor activity together with a feeling that moving extremity is either "foreign" or has "a will of its own", to emphasise that foreignness is not consistently present in all alien hand variants [56] . The first description of alien hand syndrome (AHS), by Goldstein in 1908, was in a female who grabbed her own throat with the left hand and felt the hand had a will of its own [57] . Current consensus in the literature is that there are three main variants of AHS: frontal, callosal (together called anterior variants) and posterior variant. Common to all variants is lack of sense of agency, i.e. loss of subjective awareness of initiating, executing, and controlling one's own volitional actions [58] . Lack of sense of ownership (limb foreignness) is, however, not universal. Patients experience it with the posterior variant, which us explained by coexistent hemineglect. Feeling of a limb as foreign is frequently absent in the frontal variant where patient recognizes the limb as his own, but acknowledges loss of its control.
Pure variants of AHS were initially described in patient with well-defined lesions, such as stroke or tumour. When pathological process is widespread, as in neurodegenerative diseases, it is often difficult to observe isolated phenomenology, as there is overlap with other motor and cognitive deficits. For example, patient with advanced corticobasal degeneration may not be able to acknowledge limb foreignness due to speech and language problems.
Frontal alien hand
The frontal form most commonly affects the dominant hand and is characterized by impulsive groping and compulsive manipulation of objects, with difficulties releasing grasped objects (Video 11). Frontal form of AHS has been called magnetic apraxia by Denny-Brown [59, 60] . In frontal variant of alien limb, patient is aware that the arm belongs to him, but is unable to control movements, as if the limb has "a will of its own". The common causes are neurodegenerative disorders with prominent frontal involvement and rarely stroke in the anterior communicating artery territory [57] . Explanation for frontal AHS is that pathology affecting medial frontal system, particularly preSMA-M1 circuit leaves the contralateral hand dependant on external stimuli operating through parieto-premotor circuit [61] . Lesion is usually in the dominant (left) medial frontal lobe (medial prefrontal cortex, supplementary motor area). This dominant hemisphere preference is explained by higher chance to develop motor neglect with non-dominant medial frontal lesions, which may mask frontal release behaviour [62] .
Callosal alien hand
The callosal form of AHS is rare and tends to affect the nondominant hand. The main abnormal behaviour is intermanual conflict. In an attempt to perform a task, the hands work inadequately together, with non-dominant hand interrupting the dominant hand [63] . Activities such as tying shoelaces, buttoning shirt, using a knife and fork become difficult or impossible, which may be accompanied by an extreme sense of annoyance, anger and sometimes severe depression [64] .
Callosal AHS may be caused by isolated corpus callosum injury due to surgical resection, callosal haemorrhage, infarction or callosal demyelination [65] . Mixed frontal and callosal AHS are due to extensive lesions of mesial frontal cortex extending to corpus callosum [62] and show combination of grasping behaviour and intermanual conflict. Pathophysiology of intermanual conflict is difficult to understand. Brainin et al. [64] hypothesised that implementation of any motor action includes simultaneous activation of inhibitory patterns in the opposite hemisphere. These inhibitory motor programmes are normally suppressed by the processes of interhemispheric inhibition, i.e. inhibition from hemisphere preparing for voluntary movement toward opposite hemisphere. If interhemispheric inhibition fails due to pathology of corpus callosum, the conflicting motor programmes may escape control.
Posterior alien hand
The posterior variant of AHS more commonly affects the non-dominant hand [66] and the lesion is typically in the right parietal lobe. Posterior AHS is associated with strong feelings of estrangement from the affected limb ("alien limb"), but less complex motor activity, which is manifested as limb levitation (Video 12) or non-purposeful and non-conflicting limb movements (Video 13). Abnormal movements probably arise due to loss of proprioceptive feedback necessary for movement control, while feeling of limb being "alien" is due to coexisting neglect of the same limb [67] . Common aetiologies are neurodegeneration of the parieto-occipital cortex in corticobasal syndrome (corticobasal degeneration, Creutzfeldt-Jakob disease, Alzheimer's dementia) and stroke in the parietal lobe or posterior cerebral artery territory. Alien limb may rarely affect the leg (Video 14) [68] .
Another phenomenon from the spectrum of parietal AHS is hand avoidance behaviour [69] . Here, hand manifest withdrawing behaviour when stroked on the palmar surface, quite the opposite pattern from frontal alien hand. DennyBrown suggested that parietal lobes are normally mediating approaching behaviour, with lesions causing the reverseavoidance behaviour [70] .
Arm levitation
In corticobasal syndrome, there may be a clinical continuity between spontaneous arm levitation, alien limb syndrome and useless hand. Spontaneous arm levitation appears particularly when attention is driven away from the limb (i.e. during walking, conversation or with eyes closed) and is not accompanied by denial of limb ownership. Patient is not even aware that arm is assuming abnormal posture and is able to bring it down on command. Disorder probably results from loss of proprioception arising from parietal lobe involvement. Arm levitation is sometimes seen in progressive supranuclear palsy syndrome [71] .
Useless hand
With progression of corticobasal syndrome, various combinations of apraxia, dystonia, rigidity, alien hand and motor neglect may lead to syndrome of useless hand. Affected arm is held in abnormal posture and patient does not use it, although there is no paresis, as evident by preserved stereotyped non-purposeful movements. Hand may still be used in automatic actions, for example as a support when standing up (Video 15).
Motor overflow phenomena: mirror movements and synkinesias
Motor overflow refers to involuntary movement that appears on voluntary movement of different body part. Mirror movements (MM) are involuntary movements of opposite (mirror) muscles that arise during voluntary movements of contralateral body region [72] . Motor mirroring is a fascinating phenomenon because it reveals normal tendency of motor system to move in symmetrical fashion. On an attempt to move one side only, symmetrical contralateral movements are normally suppressed by interhemispheric inhibition, which restrict motor output to the contralateral primary motor cortex (M1). MM reflect a failure of complex inhibitory neural circuits responsible for movement lateralization [73] . Alternative mechanism for MM generation, particularly relevant for cerebral palsy, is that motor output of voluntarily active M1 is transmitted ipsilaterally, either by uncrossed fastconducting corticospinal tract or by branching of crossed corticospinal fibres at the spinal level [74] .
MM may be physiological (in children up to the age of six or in adults when induced under forceful or effortful conditions), congenital (rare genetic conditions) or acquired [75, 76] . Acquired MM are seen cerebral palsy [74] , particularly when uninjured hemisphere control movements of both sides (Video 16). Of interest for adult neurologist, MM are present in asymmetric neurodegenerative diseases such as Parkinson's disease (Video 17), corticobasal degeneration [73] (Video 18), but also in Huntington disease [77] , motor neuron disease [78] , essential tremor [79] and Friedreich ataxia [80] . As mirroring accompanies various neurological diseases, as well as schizophrenia [81] , MM may be considered as an unspecific, soft neurological sign that nevertheless points toward deficient brain inhibition. MM mainly involve distal upper limb muscles, sometimes causing difficulty in activities of daily living that require simultaneous, but incongruent movements in each hand, such as typing on a keyboard, using fork and knife. More commonly, MM are noticed by attentive neurologist, whereas patients are not even aware of the symptom. Rarely, MM may be seen in proximal joints (Video 19) or in the leg and foot [82] .
TMS is suitable to study MM. Using different TMS techniques, contralateral and ipsilateral corticospinal tract, as well as interhemispheric inhibition may be investigated, so that contribution of specific pathophysiological mechanism for MM generation in different diseases may be elucidated (Fig. 2) . Considering aetiological diversity of MM, it is not surprising that pathophysiology of this phenomenon varies across different pathological conditions [83] .
Synkinesias are subset of motor overflow whereby voluntary movements of one part of the body are accompanied by involuntary activation of other, non-mirroring muscles. For example, voluntary hand movement may be accompanied by involuntary movements of the ipsilateral leg or both legs (Video 20) . Since the degree of motor maps overlaps increased upstream of the primary motor cortex, synkinesias are likely to arise from dysfunction of the secondary motor areas, such as premotor cortex, SMA and cingulate and their connections to M1 [82] [83] [84] [85] [86] [87] [88] .
MM and synkinesias should be differentiated from overflow phenomena in dystonia, that is, spread of dystonia into the "unaffected" muscles, on activation of the dystonic limb [89] . Dystonia overflow may be ipsilateral, for example, ipsilateral shoulder elevation during writing in patient with graphospasm or contralateral, when on activation of the symptomatic arm dystonic movement/postures appears in the opposite, clinically unaffected arm. Term mirror dystonia has been used to denote dystonic postures and movements of the dominant (affected) hand while patient with graphospasm writes with the non-dominant (non-affected) hand [90, 91] . Mirror dystonia may be useful to distinguish dystonic from secondary compensatory movements, when choosing appropriate muscles for botulinum toxin injections. Overflow phenomena in dystonia are explained by the existence of generalised neurophysiological dysfunction even when clinically dystonia is confined in one region. In writer's cramp, loss of intracortical inhibition may be found even in the hemisphere contralateral to the clinically unaffected side of the body [92] .
Conclusions
Higher order motor disorders are "hidden gem" of the brain, providing insight into interaction between motor and cognitive brain networks. These abnormal behaviours reflect difficulties in generating willed movements or failure of brain inhibitory functions, revealing complex top-down modulation of cognitive over motor networks. Investigation of higher order motor disorders starts from detailed clinical examination and structural neuroimaging. Functional imaging techniques may give further information on pathophysiology, by comparing patterns of activation in affected patients with healthy subjects performing comparable tasks. TMS is suitable to study various aspects of higher order motor disorders. Examples are processes of interhemispheric inhibition, relevant in MM and AHS; functional state of corticospinal tract and intracortical inhibition, relevant in motor neglect; or parieto-frontal connectivity, relevant in disorders of disinhibition. In healthy people, TMS may be used to induce virtual lesion that may mimic higher order motor disorder [93] .
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